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INTRODUCTION
Ceramic monolith structures are used in the industry today and they are produced in large numbers by use of the extrusion technique. They are uni-body structures composed of interconnected repeating cells or channels, Fig. 1 . They are increasingly under development and evaluation for many new reactor applications [1, 2] , e.g., chemical process and refining industries, catalytic combustion, etc. However, monoliths are mainly used where only one fluid flows through all the channels. An example is the monolithic exhaust structure in automotive applications. In endothermic and slow reactions such as steam reforming of hydrocarbons, large amount of heat are needed to maintain reaction rates. If the catalysts were deposited on tubes then usage of monoliths would be more efficient, leading to greater reaction rates and a smaller reactor [3] . Additionally, there would be a great improvement in mechanical integrity. Especially it would be advantageous if two fluids in monolithic channels can exchange heat and/or mass. The reason why monoliths are not widely used in these applications is because of complex technique for feeding and distributing the two fluids in and out of the channels. The present work focuses on the compact ceramic heat exchanger where two fluids are fed and distributed into individual channels in a multi-channels structure. This work shows three different approaches of modelling: analytical, experimental and numerical modelling where the commercial CFD software FLU- ENT was used. The exchanger is of monolithic shape where heat and mass is transferred in rectangular channels. Usually, for the pressure drop calculations of standard channel shapes, different available correlations can be applied. However, when these channels are manifolded and connected to other components involves dealing with complex geometries then modelling with correlation parameters may be unsuccessful. For that reasons usage of commercially developed CFD software is advantageous as the complex geometries can easily be imported from already created design CAD files. The CFD code FLUENT is used in purpose to describe deviation of the pressure losses compared to the standard channels correlation where experimental test validates the results.
Similar to plate heat exchangers, the pressure drop as well as thermal performance depends on distribution of fluid. Therefore it is important to investigate how good the flow distribution is from the main port pipe into the channels. The analytical investigation made here includes both U-and Z-type configurations.
MONOLITHIC EXCHANGER
Monolithic "honeycomb" structure has been manifolded by two stage manifolds. The first one is presented in Fig. 2 (a)&(c) , where either U-type or Z-type manifold can be used to distribute the flow rate uniformly through each branch. This stage manifold can be compared to the manifolding of plate heat exchangers (PHE). The main difference compared to PHE's is that each branch will further divide the flow to the monolithic structure with specified channel arrangement. This stage manifolding is called here I-type manifold and is presented by Fig. 2 (b) . More detailed picture of I-type manifold can be observed in Fig. 3 .
Concerning the monolithic channels, two different gas distributions (channel arrangements) are investigated: the checkerboard and linear, Fig. 4 and Fig. 5 respectively. The important physical characteristics are then the size of the channel through which the gaseous reactants and products traverse (marked as l in Fig. 4 ), wall thickness (marked as w), and the total monolith's compactness also called surface to volume ratio. The compactness can be defined as surface area used for heat/mass transfer divided by the volume of the whole monolith structure. In case of square channels and checkerboard arrangement, Fig. 4 , the compactness is defined as: 
For the case of linear channel arrangement and square chan- 
where repeating unit sides are b = 2(l + w) and L = n(l + w) For rectangular channels having aspect ratio (AR), different from unity (2b/2a =1), the same methodology can be applied as above with the exception of the sides definition. Surface to volume ratio then can be defined as:
and:
How different channel widths and aspect ratios influence compactness of the exchanger can be observed in Fig. 6 . The channels with lower channel AR have higher compactness compared with those having higher AR. This is an advantage for heat transfer but a disadvantage for pressure drop because of the S q u a r e c h a n n e l s , c h e c k e r b o a r d c . a . S q u a r e c h a n n e l s , l i n e a r c . a . A R c h a n n e l s , c h e c k e r b o a r d c . a . A R c h a n n e l s , l i n e a r c . a . Figure 6 . Surface to volume ratio for different channel length -square channel case, and cases for different aspect ratio whith 2b=1mm fact that lower AR channels have higher Nusselt numbers but even higher skin friction coefficients which cause higher pressure drop. Figure 6 shows that the chessboard arrangement gives highest compactness irrespective of channel geometry.
FLUID FLOW ANALYSIS
In this work, pressure drop for the fluid flow for I-type manifolds has been investigated. Pressure drop CFD investigation of the exchanger is grid dependent, which means that it is not possible to create a grid for the total exchanger without losing some accuracy. For this reason the exchanger has been divided into several parts, Fig. 3 , where each part represents one calculation domain. The total pressure drop can be calculated then by summing up all parts.
CFD Modelling
The CFD software FLUENT was employed to simulate the fluid flow and pressure distribution of the I-type manifold. FLU-ENT is one of most widely used commercial CFD codes. The conservation equations for mass and momentum are solved using the finite volume method. Both laminar and turbulent flows have been investigated to find out which model best matching the experiments. An RNG k-ε model was used for the turbulence with a second order upwind difference scheme. The RNG-based k-ε turbulence model is derived from the instantaneous NavierStokes equations, using a mathematical technique called "renormalization group", (RNG) method [4] . Boundary conditions and convergence conditions are as follows:
1. Inlet mass-flows are given. 2. No slip occurs at the wall. 3 . Symmetry has been used in geometries where it was possible to reduce calculation time. 4. Turbulence intensity is specified at the inlet.
Convergence condition is specified to absolute residuals < 10 −3 . Both structured and unstructured meshes have been used in the calculations. The finest mesh involved has about 200 000 cells (manifold head). This involves a calculation time of approximately 15 minutes per iteration. Pre-processing (grid creation) took most of the man hours estimated to approximately 100 hours. Computer used for calculations was Intel Pentium 4, 2.8 GHz with one Gb RAM memory.
Experimental Work
Pressure drop experiments were conducted over a range of volume flow rates for one I-type manifold. To enable these experiments, a test facility that permitted measurement and accurate control of inlet and outlet flow rates was developed by Norsk Hydro. The working fluid used for the test is demineralized water stored in a tank. It has been taken from the tank which was located at a higher level above the experimental rig. This means that no pump was used for water supply. The experimental setup is shown schematically in Figure 7 . It consists of a an open cooling-water system, a test section (I-type manifold model), water tank and an instrumentation system. The test of the model consists of one dividing and combining manifold located at top and bottom, Fig. 8 , and distributor plates connecting manifolds with monolithic channels.
In essence, the pressure drop experiments were conducted by supplying water to a header and the monolithic-channels test section. The flow is then distributed from header through distribution plates involving decrease of cross-sectional area down to the size of the monolithic channels. The pressure difference could be read off by a U-tube manometer. The pressure drop is then calculated by:
where
All the experimental data were obtained at steady state conditions and the range of operating flow rates were so that the channel Reynolds number varied from 40 to 450. Channel Reynolds number is defined as: 
where, v 0 is the velocity of the flow at the entry of the channels [m s −1 ], p * is the pressure at the exit of the channels [Pa], see Fig. 2 .
Flow maldistribution
Manifold system for the exchanger contains, as mentioned before, two stage manifolds, Fig. 2 (a-c) , where the first one , Fig. 2 (a)&(c) , can be regarded as the standard U or Z-type and represents the flow distribution from main channel flow. The second one, Fig. 2 (b) is I-type manifold and can be regarded as flow in channels in parallel with the flow distributed in each channel. The investigation focuses on selection of the U-or Z-type manifolds. One should observe that the term "channel" does not represent channel in the monolith but each opening at bottom from the main channel flow. The cross sectional area for the channel (opening) has a form of curved rectangle with sides 0.1 and 0.001m, respectively.
For the investigation, the flow maldistribution parameter m 2 , as introduced by Bassiouny and Martin [5, 6] has been taken as the principal parameter to designate the main channel diameter.
If the inlet and exit ports are identical then the flow maldistribution parameter is reduced to:
where ξ c is the total frictional resistance of the channel defined by:
where f is the friction factor, l is the vertical distance between two ports (m) and d e is the port diameter (m). The parameter m 2 is a measure of flow maldistribution of the manifold. If the flow is uniformly distributed then the m 2 value approaches zero. The m 2 value becomes larger as flow maldistribution is increased. Finally equations for port to channel flow distribution are given [7, 8] :
Z-type
where u c represents dimensionless channels velocity U c /U m , n number of channels, z dimensionless axial coordinate Z/L. Table 1 . Channel AR used for this calculation was 0.01 and main port diameter 0.1 m. As can be observed from Table 1 for 500 channels per fluid calculations show a high flow maldistribution. If the number of channels is decreased to 30 or less than 30, at the same channel Reynolds number, then the flow maldistribution is found insignificant.
MATHEMATICAL MODEL FOR HEAT TRANSFER
In performing the heat transfer analysis the important parameters are: heat transfer rate q, heat transfer area A, heat capacity rate C of each fluid, overall heat transfer coefficient U, and fluid temperatures. Two basic relations in modelling of heat transfer are given as: 1. Energy balance based on the first law of thermodynamics:
(where j=1 or 2 for each fluid) 2. Rate equation for heat transfer
To understand the exchanger overall heat transfer rate equation (13), consider the thermal circuit model [9] . The overall heat transfer coefficient can be determined as: and the total thermal resistance is:
where R h is the hot-fluid-side convection resistance (
R c is the cold-fluid-side convection resistance (
), R w is the wall thermal resistance ( δ w k w A ). Equation (15) then can be written:
The temperature distribution of the fluids can be determined by energy balances for respective control volumes using the first law of thermodynamics. For counterflow arrangement and fluid 1, Figure 9 (a):
and for fluid 2, Figure 9 (b):
For both fluids, Figure 9 (c):
Equations (17)-(19) are rearranged and made dimensionless with:
To complete the problem formulation, a set of boundary conditions is required at the heat exchanger inlet and outlet:
A general solution is obtained utilizing the Laplace transforms method [9] . Nu x,H1 values has been experimentally determined, (The H1 boundary condition refers to the constant wall heat transfer rate in the axial direction and constant wall temperature in the peripheral direction.), for a square duct and found the following best fit equation for Nu x,H1 for a square duct [9] :
When correlations for Nusselt number, Eq. (22) are applied to the general equation for Nusselt number, Eq. (23), thermal conductivities are to be determined. Information on thermal conductivity as a function of temperature is essential in order to evaluate the heat flow and temperature variations in ceramic materials. Heat transfer in ceramics is governed by several mechanisms, which include conduction in the solid phase and in pores, thermal radiation and gas convective motion in pores [10] . In general, the thermal conductivity of ceramics decreases with temperature in the range 0-1000 • C. The thermal conductivity [Wm −1 K −1 ] of the pure ZrO 2 for the temperature range between 0-1200 • C is chosen for the model and given by [11, 12] : 
RESULTS AND DISCUSSION Pressure drop studies; CFD versus experiment
Pressure drop has been simulated for an exchanger including the one I-type manifold and non-dimensionalized by Eq. (7). The uncertainty of the pressure drop measurement was found to be 5%. Figure 10 shows that a laminar model for pressure drop does not match the experimental data. The laminar curve keeps having a linear profile whereas the experimental curve changes slope. Laminar flow assumption is therefore not suitable to predict the pressure drop trend in spite of the fact that the channel Reynolds number is low. The k − ε model applied to the exchanger CFD model matches the experiments better, Figure 10 . From this plot it can be observed that the non-dimensional pressure drop decreases with increasing channel Reynolds number because the velocity at the inlet port, W 0 increases. Failure of the k − ε model at low channel Reynolds number to predict the pressure drop can be explained that the non-dimensional pressure drop does not include effects of fluid viscosity. However, the applicability of turbulent (k-e) model in laminar flows needs to be explored further. Figure 12 shows the general behavior of the hydraulic resistance in a channel with increasing Reynolds number. The correlation between friction factor and Reynolds number has been found to be:
Usually in PHE's, the transition from laminar to turbulent flow takes place between Re values of 400 to 500 [7] . Flow Figure 11 . Pressure drop distribution in percentage branching in the manifold before it enters the channels causes turbulence so this transition region in this case is further moved down to value of 100.
The pressure drop through each part of the I-manifold system was then calculated to see how big the pressure distribution is. Figure 11 shows as expected that dividing manifold together with the distributor plate have the highest pressure drop. As only one I-type manifold has been investigated, the pressure distribution would not be equal if the exchanger is stacked by putting the I-type manifolds into the row. However, the pressure drop distribution investigated for only one I-type manifold is not nonuniform as expected and the channels take 20% of the total pressure drop. This means that total pressure drop of the manifolded exchanger is four order of magnitude higher than the pressure drop of the monolithic channels. Figure 13 shows the flow distribution for both U and Z-type manifolds and port diameters of 0.1-0.5 m for an exchanger with 500 channels. Each channel was 1 mm wide so that exchanger length was 500 mm. In the first investigated case, port diameter 0.1 mm, it can be observed that velocity for Z-type where Re=500 is approximately equal to zero for the first 350 channels. The velocity ratio between last and first channels (shown in Table 2 ), for this case shows a clearly high value. This ratio at the same Reynolds number for the U-type manifold is somewhat lower. When the port diameter is increased both U and Z-type manifolds give more uniform distribution to the channels. If Table 2 is investigated more closely it can be concluded that both types of manifolds are suitable for the exchanger when the port diameter is big enough whereas U-type gives better distribution for smaller port diameters. 
Flow maldistribution

Results for Heat Transfer
The calculations are carried out for checkerboard flow arrangement only because this flow arrangement has the highest compactness and highest heat transfer area, Figure 6 . The base case parameters , Table 3 , have been used for all simulations. In calculations, sweep (mixture of CO 2 , H 2 O and O 2 ) has been used as hot fluid and air as cold fluid. Air feed mass flow rate has been calculated for one channel of a single monolith repeating unit (MRU), with face dimension of 0.1×0.1 m. It has also been assumed that the total amount of MRU is 500. The total mass flow rate of 90 kg/s to the exchanger has then been divided by the total number of channels (NAC, Eq. (26)) of one fluid with assumption that no maldistribution is present from main channel flow.
where l is the channel length (same as the hydraulic diameter) and t is the wall thickness.
Fluid 1 to fluid 2 ratio is defined as:
The heat transfer rate density is defined (W m −3 ) and calculated by: where U is the overall heat transfer coefficient and is calculated with eq. (14), Θ m is the log-mean temperature difference and is defined as:
where ∆T I and ∆T c are the temperature differences between two fluids at each end of exchanger. Figure 14 shows that most impact on the thermal resistance is from the cold-side and hot-side fluid-solid film whereas the thermal resistance in the wall is small. This means that the thermal conductivity of the exchanger material does not play that much importance. As long as the wall thickness is small, the exchanger material can be made of ceramics despite the fact that ceramics have been characterized having low thermal conductivity. Figure 15 shows the impact of the wall thickness on the heat transfer rate density. The optimum values here are found to be between 0.4 and 0.6 mm. Choosing the lower wall thickness would increase heat transfer, but mechanical stability can be hazarded as the wall thickness becomes too thin.
The heat transfer rate density as function of channel width is shown in Figure 16 . The optimum value is between 1 and 2.5 mm. Lower channel widths than 1 mm would give better heat transfer but pressure drop of these channels might be too high.
CONCLUDING REMARKS
Pressure drop in rectangular ducts within laminar flow regime is not large. Today industrial use of monoliths is only made with single flow systems because the manifolding system for two fluids would involve to complex geometries which could give very high pressure drops. Therefore it was of interest to explore how manifolding systems with two fluid feed influenced pressure drop of the exchanger. As was shown in Figure 11 , the pressure drop distribution in channels was not much lower compared to the dividing and collecting manifolds, and the channels have 20% of the total pressure losses. This means that total pressure drop of the manifolded exchanger is four order of magnitudes higher than the pressure drop of the monolithic channels. Therefore when considering the pressure drop, the exchanges investigated here, where two fluids exchange heat and mass, in small diameter channels, have good potential for industrial use. Fluid flow maldistribution studies have shown that if the exchangers are connected in stacks then the port diameter needs to be large enough to prevent flow maldistribution. In the case of large port diameters both U-and Z-type manifolds can be used without flow maldistribution taking place.
The optimum channel wall-thickness, which in this type of exchanger has an important roll for heat transfer, was calculated within the range of 0.4-0-6 mm. Even the square channel width range of 1 to 2.5 mm, was found as the optimum values. If the optimum channel thickness was chosen then ceramics could be used in spite of their low thermal conductivity. The resistance on heat transfer was found to exist on fluid side film, where the highest occurs mainly at the cold fluid side.
